Patterns of events occurring at the end of apneas have rarely been reported in infants. No previous studies have compared these patterns to those of spontaneous events during sleep. We examined 163 isolated apneas in 17 infants (47 Ϯ 4 wk postconceptional age) who underwent polysomnography for suspected upper airway problems. Mean apnea duration was 6.5 Ϯ 1.5 s (range, 5 to 11.5 s), 78% of apneas occurred in active sleep, and 67% of apneas were obstructive. We recorded the occurrence of body movement or augmented breath and analyzed changes in EEG frequency Ն 1 s, heart rate, and oxygen saturation value at the end of apneas and of a control ventilatory period defined as a period of breathing equal in duration to the apnea and preceding the apnea by 1 min. We found that 7.9% of apneas and 11.6% of control periods were followed by an augmented breath and that 14.1% of apneas and 0.5% of control periods were followed by a body movement. The percentages of motor events or no event differed significantly after the apneas (p ϭ 0.008) compared with the control periods. A significant increase in EEG frequency was observed at the end of the apneas compared with the control periods (p Ͻ 0.04). EEG frequency increased after 61% of the apneas. Neither heart rate nor oxygen saturation value changed after the control periods. Heart rate decreased significantly after the apneas not followed by a motor event (p ϭ 0.02) but not after the apneas followed by a body movement. We conclude that 1) at termination of isolated apneas in infants, a motor event was rare, whereas an EEG frequency increase was common; 2) event patterns at apnea termination differed from those at control period termination. Events such as awakenings, body movements, and augmented breaths occur spontaneously during sleep in infants (1-5), being apparently related to periodic excitatory mechanisms essential for respiratory homeostasis and normal development (6, 7).
Patterns of events occurring at the end of apneas have rarely been reported in infants. No previous studies have compared these patterns to those of spontaneous events during sleep. We examined 163 isolated apneas in 17 infants (47 Ϯ 4 wk postconceptional age) who underwent polysomnography for suspected upper airway problems. Mean apnea duration was 6.5 Ϯ 1.5 s (range, 5 to 11.5 s), 78% of apneas occurred in active sleep, and 67% of apneas were obstructive. We recorded the occurrence of body movement or augmented breath and analyzed changes in EEG frequency Ն 1 s, heart rate, and oxygen saturation value at the end of apneas and of a control ventilatory period defined as a period of breathing equal in duration to the apnea and preceding the apnea by 1 min. We found that 7.9% of apneas and 11.6% of control periods were followed by an augmented breath and that 14.1% of apneas and 0.5% of control periods were followed by a body movement. The percentages of motor events or no event differed significantly after the apneas (p ϭ 0.008) compared with the control periods. A significant increase in EEG frequency was observed at the end of the apneas compared with the control periods (p Ͻ 0.04). EEG frequency increased after 61% of the apneas. Neither heart rate nor oxygen saturation value changed after the control periods. Heart rate decreased significantly after the apneas not followed by a motor event (p ϭ 0.02) but not after the apneas followed by a body movement. We conclude that 1) at termination of isolated apneas in infants, a motor event was rare, whereas an EEG frequency increase was common; 2) event patterns at apnea termination differed from those at control period termination. Events such as awakenings, body movements, and augmented breaths occur spontaneously during sleep in infants (1) (2) (3) (4) (5) , being apparently related to periodic excitatory mechanisms essential for respiratory homeostasis and normal development (6, 7) .
Little is known about the events associated with the postapnea recovery phase in infants. Thoppil et al. (8) used video recordings to identify behavioral arousals (awakenings) in apneic preterm infants and found that many apneas were not accompanied with arousal. In a study of EEG arousals in infants, McNamara et al. (9) found that fewer than 8% of apneas ended by an EEG arousal. These two studies suggest that cortical arousal may not be an important mechanism in the termination of respiratory events in infants.
Our study was designed 1) to examine the patterns of events after isolated apneas in infants; and 2) to test the hypothesis that these patterns may be different from nonapnea-related patterns of events occurring during the same sleep state period. We examined the following events: awakening, body movement, augmented breath, changes in EEG frequency, heart rate, and oxygenation at apnea termination. We selected isolated apneas to eliminate possible effects of antecedent events such as apneas or motor activity (10) . For each isolated apnea, we determined a ventilatory period equal in length to the apnea and preceding the apnea by 1 min. This period served as the control period; events noted at termination of control periods were considered spontaneous (nonapnea-related).
METHODS

Patients
We studied 17 infants referred to our sleep laboratory for polysomnography to evaluate suspected upper airway prob-lems during sleep. Nine infants had craniofacial abnormalities (Pierre Robin syndrome, n ϭ 4; cleft palate, n ϭ 4; and micrognathia, n ϭ 1), two had laryngomalacia, four had a history of ALTE, and two were referred for clinically documented apneas. None of the infants had neurologic or cardiovascular disorders, and, at the time of the study, none were on medications known to affect sleep states and/or respiratory and cardiac control. Informed consent was obtained from the parents, and the study was approved by the appropriate ethics committee.
Methods
Polysomnography was performed during an afternoon nap after the usual feed without previous sleep deprivation or sedation. Room temperature was 23°C. The infants were dressed normally. The two infants with craniofacial abnormalities who usually slept in the prone position were tested in that position; the other 15 infants were tested in the supine position. Each infant was monitored using at least two EEG leads (A2C4, A1C3, according to the 10 -20 international system), two electrooculograms, a submental electromyogram, and a precordial ECG lead. Two small actimeters were placed on one hand and the opposite foot, respectively. Nasobuccal airflow was recorded using a thermistance; rib cage and abdominal movements were recorded using strain gauges. Oxygen saturation value (SaO 2 ) was measured using a pulse oximeter (NELLCOR 2000) with the sensor placed on a toe. SaO 2 sampling was set at 1 s. All these parameters were stored on a digitized polysomnograph (Alice 3, Healthdyne-Respironics). The infants were observed continuously by a trained nurse.
Four behavioral states, namely QS, AS, IS, and awakening, were scored according to the concordance of EEG features and to the presence or absence of eye movements (11, 12) . Sleep stages were scored by 30-s epochs, but interruptions in state characteristics shorter than 1 min were included in the ongoing state.
Apnea was defined as cessation of respiratory signals for at least 5 s. Obstructive and central apneas were scored according to the American Thoracic Society consensus statement (13) . Mixed apneas were included among the obstructive apneas. We analyzed only those apneas not preceded within 10 s by a motor event (body movement or augmented breath) or an apnea. The number of selected apneas expressed as the apnea index (number of apneas per hour of sleep) and the total apnea indices recorded during polysomnography are indicated in Table 1 . Body movements were assessed on the actimeter recording and/or the pulse wave signal of the oximeter trace. Augmented breath at the end of an apnea was defined as a breath with at least twice the mean amplitude of the three breaths preceding the apnea. Computer-assisted EEG frequency measurement was used to calculate EEG frequency changes Ն 1 s measured on the same EEG lead during a similar pattern of the same sleep state within the 3-s periods preceding and after each apnea, or as soon as the artifacts sometimes produced by body movements had disappeared. The SaO 2 value immediately before each apnea and the lowest value during the 10 s after the end of the apnea were recorded. Heart rate was calculated as the mean of the instantaneous values recorded during one respiratory cycle immediately before and after each apnea. If a body movement or an augmented breath occurred at the end of the apnea, heart rate values were calculated immediately before the apnea and after the postapnea event.
For each apnea, a ventilatory period equal in duration to the apnea and preceding the apnea by 1 min within the same sleep state was defined, as shown in Figure 1 , and used as the control period (14) . Body movements, augmented breaths, and changes in EEG, SaO 2 , and heart rate were evaluated before and after each control period in the same way as before and after each apnea.
EEG, SaO 2 , and heart rate changes after the apneas and their matched control periods were expressed as the percentage of modification normalized for the value preceding the apneas or 
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control periods, i.e. as the ratio of the preapnea value minus the postapnea value over the preapnea value, multiplied by 100. This percentage change was negative if the value increased and positive if it decreased. For our analysis of changes in EEG frequency, heart rate, and SaO 2 , we separated the 163 selected apneas into three groups: apneas not ended by a body movement nor by an augmented breath, apneas ended by a body movement, and apneas ended by an augmented breath.
Statistical Analysis
All values are reported as mean Ϯ SD. Univariate analysis of quantitative parameters was done using ANOVA. The 2 test was used to evaluate qualitative variables. In our analyses of paired observations, i.e. apnea versus control periods or before versus after an apnea (or a control period), we used the McNemar test for qualitative variables and a paired parametric test (t test) or a paired nonparametric test (Wilcoxon test) for quantitative variables, depending on sample size. For each subgroup analysis (apneas not followed by a motor event, apneas followed by an augmented breath, and apneas followed by a movement), Bonferroni's correction was applied.
To look for possible independent effects of apnea duration, apnea type (central or obstructive), sleep state, and postconceptional age on events after apneas, we performed multivariate logistic regression adjusted on subject effect. We constructed a multivariate linear model taking the subject factor as a cluster to identify possible independent effects of the same factors on EEG, heart rate, and SaO 2 modifications. p values Յ 0.05 were considered significant.
RESULTS
Study Infants
Eleven infants were full-term and six were preterm (mean gestational age was 38 Ϯ 3.5 wk). At the time of the study, mean postconceptional age was 47 Ϯ 4 wk (range, 41 to 56 wk).
Sleep and Apnea Characteristics
Total recording time, total sleep time, sleep state duration (mean, SD), and characteristics of the 163 apneas selected for analysis are reported in Table 1 . Our sample included more obstructive apneas than central apneas, and the obstructive apneas were more numerous in AS than in QS. Only two apneas were recorded in IS; both were excluded from our analysis. The apneas were of short duration (mean, 6.5 Ϯ 1.5 s); the longest obstructive apnea lasted 11.5 s. There was no significant relation between apnea duration and sleep state. During QS, mean apnea duration was not significantly different between obstructive and central apneas (6.7 Ϯ 1.5 and 6.7 Ϯ 1.4, respectively). During AS, obstructive apneas were significantly longer (p Ͻ 0.01) than central apneas (6.7 Ϯ 1.4 and 5.7 Ϯ 0.9, respectively).
Motor Events at the End of Apneas and Control Periods
No motor events occurred after 76.4% of the apneas; 14.1% of the apneas were terminated by a body movement, 7.9% by an augmented breath, and 1.6% by an awakening. No significant differences were observed in these percentages between obstructive and central apneas or between apneas occurring in AS and QS. Among the matched control periods, 11.6% ended by body movements, 0.5% by an augmented breath, and 0.4% by an awakening; for 87.5% of control periods, none of these events occurred. The percentages of motor events or no event differed significantly after the apneas and after the control periods (p ϭ 0.008).
EEG Frequency, Heart Rate, and SaO 2 Changes
Changes in EEG frequency, heart rate, and SaO 2 were analyzed separately in the three groups of apneas. The characteristics of the three groups are shown in Table 2 . Mean EEG frequency and mean SaO 2 were not significantly different before the apneas versus before the control periods in any of the three groups of apneas. Mean heart rate was significantly different before apneas ended by an augmented breath versus before the control periods (p ϭ 0.03). No significant differences were observed in mean EEG frequency, mean heart rate, and mean SaO 2 before versus after the control periods in any of the three groups of apneas. Absolute values (mean and range) of EEG frequency, heart rate, and SaO 2 before and after apneas and their corresponding control periods in the three groups of apneas are reported in Table 3 .
Apneas Not Ended by a Body Movement or an
Augmented Breath EEG frequency. Mean EEG frequency was significantly greater after than before the apneas (p Ͻ 0.03). The mean percentage of EEG frequency acceleration after the apneas (Ϫ8.4 Ϯ 21.1%) was significantly greater than after the control periods (Ϫ2.6 Ϯ 13.5%) (p ϭ 0.05). However, this acceleration in EEG frequency was noted only after 59.7% of apneas, in a frequency band from 0.1 to 3 Hz (Ϫ0.7 Ϯ 0.6 Hz), and the mean percentage of EEG frequency acceleration after the apneas was Ϫ20.1 Ϯ 19.3%. EEG frequency remained unchanged after 6.5% of the apneas. In the remaining 33.9%, EEG frequency decreased, the mean percentage of EEG frequency deceleration being 10 Ϯ 6.9% (from 0.1 to 1.4 Hz). The percentage of EEG frequency change was not related to apnea type, apnea duration, or sleep states. Heart rate. Mean heart rate was significantly lower after than before the apneas (p Ͻ 0.0001) and after the apneas than after the control periods (p Ͻ 0.0002). The mean percentage of heart rate change after the apneas (3 Ϯ 7%) was significantly different from the mean percentage change after the control periods (Ϫ0.9 Ϯ 6.3%) (p Ͻ 0.0001). Heart rate deceleration was found after 70.2% of the apneas and ranged from 1 to 54 beats per minute (9 Ϯ 7.6) and from 0.6 to 31% (6.2 Ϯ 5%). Heart rate remained stable after 4% of the apneas and increased slightly (Ϫ5.4 Ϯ 4.9%) after 25.2%. The mean percentage of heart rate deceleration was not correlated with apnea type or duration, although there was a trend for greater deceleration after longer apneas. A significant relationship was found between the percentage of heart rate deceleration and sleep states (p Ͻ 0.004) with greater deceleration in AS than in QS. SaO 2 . SaO 2 was slightly but significantly lower after the apneas. The mean percentage of SaO 2 decrease after the apneas (0.8 Ϯ 1.1%) was significantly greater (p Ͻ 0.001) than the mean percentage of SaO 2 decrease after the control periods (0.6 Ϯ 9.1%). SaO 2 decreased after 52.5% of the apneas and remained unchanged in the remaining cases. An SaO 2 decrease Ͼ4% was found only after three central apneas. The percentage of SaO 2 decrease after the apneas was significantly related to apnea type (p ϭ 0.0001), being larger after central apneas than obstructive apneas, and to apnea duration (p ϭ 0.003), being larger with apneas Ͼ7 s. The percentage of SaO 2 decrease was not influenced by sleep states.
Apneas Followed by an Augmented Breath
EEG frequency. A slight nonsignificant EEG frequency increase was noted after these apneas. The mean percentage of EEG frequency acceleration after the apneas followed by an augmented breath (Ϫ17.6 Ϯ 26%) was significantly greater (p ϭ 0.03) than the mean percentage of EEG frequency change after the control periods (0.15 Ϯ 10.8%). EEG frequency acceleration was noted after nine apneas. The percentage of EEG frequency acceleration was not related to apnea type or duration.
Heart rate. The heart rate decrease after the apneas was not statistically significant. The mean percentage of heart rate change was not significantly different after the apneas (2.7 Ϯ 13.9%) and after the control periods (2.1 Ϯ 6.3%). Heart rate deceleration was found after seven apneas. The percentage of heart rate change after the apneas was not related to apnea duration or type. SaO 2 . SaO 2 decreased significantly after the apneas (p Ͻ 0.02). The mean percentage of SaO 2 decrease after the apneas (1.3 Ϯ 1.6%) was significantly different (p ϭ 0.003) from the mean percentage after the control periods (Ϫ0.3 Ϯ 0.7%). SaO 2 decreased after 50% of the apneas and remained unchanged in the other cases. The SaO 2 decrease percentage was significantly (p Ͻ 0.01) related to apnea duration (only for apneas longer than 7 s) but was not correlated to apnea type.
Apneas Followed by a Body Movement
EEG frequency. The increase in EEG frequency after the apneas was not statistically significant. However, the mean percentage of EEG frequency acceleration after the apneas (Ϫ33.8 Ϯ 1.6%) was significantly greater (p Ͻ 0.01) than the mean percentage after the control periods (Ϫ2.4 Ϯ 14.1%). EEG frequency acceleration was noted after 59.2% of the apneas and EEG frequency deceleration after the remaining apneas. The percentage of EEG frequency acceleration was unrelated to apnea duration and postapnea body movement duration but was significantly related to apnea type, being greater after obstructive apneas (p Ͻ 0.05).
Heart rate. Mean heart rate did not differ significantly before and after apneas followed by a body movement. There was a slight increase in mean heart rate after the apneas. The mean 
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percentage of heart rate acceleration after the apneas was not significantly different (Ϫ1.1 Ϯ 11.8%) from the mean percentage change after the control periods (0.5 Ϯ 5.3%). Heart rate increased after 12 apneas, remained unchanged after one, and decreased after 14. The percentage of heart rate variation after the apneas was not related to apnea type, apnea duration, or body movement duration. SaO 2 . Mean SaO 2 decreased significantly after the apneas (p ϭ 0.002). The mean percentage of SaO 2 decrease after the apneas (3.6 Ϯ 19.3%) was significantly different from the mean percentage after the control periods (Ϫ1 Ϯ 1.5%) (p Ͻ 0.001). SaO 2 decreased after 17 apneas. The percentage of SaO 2 change was significantly related to apnea duration (p Ͻ 0.01) but not to apnea type or body movement duration.
Comparison Between EEG Frequency, Heart Rate, and SaO 2 Changes Within and Between the Three Groups of Apneas
There was no significant relationship between the mean percentage changes in EEG frequency, heart rate, and SaO 2 after the apneas in any of the three groups.
The comparison of the mean percentage of postapnea EEG frequency change in the three groups of apneas showed no significant differences, although the EEG frequency increase tended to be larger after apneas followed by a body movement. For the three groups combined, 61% of apneas were followed by an increase in EEG frequency, and the mean percentage of EEG frequency increase was significantly different after the apneas compared with after the control periods (p Ͻ 0.04).
The mean percentage of SaO 2 change decreased after the apneas in each group with no significant differences across the three groups.
The mean percentage of heart rate change decreased after the apneas not followed by a motor event and after those followed by an augmented breath with no significant difference between these two groups. However, the mean percentage of heart rate variation increased after the apneas followed by a body movement, and there was a significant difference between the mean heart rate changes after the apneas followed by no motor event and after the apneas followed by a body movement (p ϭ 0.02), as shown in Figure 2 .
Postconceptional age did not influence changes in EEG frequency, heart rate, and SaO 2 in any group of the three apneas.
DISCUSSION
The aims of the present study were to examine the patterns of events after isolated apneas in infants and to test the hypothesis that these patterns may be different from spontaneous events occurring during the same sleep state. We found that both central and obstructive isolated apneas were rarely ended by an augmented breath or a body movement, but that both events were significantly more common after apneas than after matched control periods. A significant increase in EEG frequency was observed at the end of the apneas compared with the end of the matched control periods. No significant changes in heart rate or in oxygenation were observed after the control periods. Apneas not followed by a body movement were associated with a slight but significant heart rate decrease, whereas heart rate did not change significantly at the end of apneas followed by a body movement.
Methodologic Considerations
Events preceding apneas can influence the characteristics of apneas (10, 15) . We, therefore, analyzed isolated apneas not preceded by a body movement. The selected apneas were more frequent in AS than in QS. Obstructive apneas were more frequent than central apneas in our study of infants suspected of upper airway problems during sleep.
Because oscillations periodically occur during sleep and may affect cortical and sympathetic system influences controlling heart rate and motor activity (4, 6, 7), we attempted to specifically characterize events related to apnea termination. We consequently examined a control ventilatory period of equal duration as each apnea and preceding the apnea by 1 min within the same sleep state. Our setup did not include esophageal pressure measurements. Therefore, the possibility exists that increased esophageal pressure variations during the minute preceding the analyzed apneas may have been responsible for the EEG frequency increase (16) . Nevertheless, it is important to point out that we found, on average, no significant differences in EEG frequency, heart rate, or SaO 2 before the apneas and before their matched control periods. This argues against major changes in respiratory efforts during the minute preceding the selected apneas. Furthermore, the mean percentage of change in EEG frequency was significantly greater at the end of all apneas than at the end of the matched control periods.
Motor Activity at the End of Apneas
The majority of the short isolated apneas terminated without motor activity, either a body movement or an augmented breath. Augmented breaths were infrequent both after the control periods (0.5%) and after the apneas (less than 10%). Body movements at apnea termination were rare, occurring Mean percentage of changes in EEG frequency, heart rate, and SaO 2 after the apneas. See "Methods" for the calculation of the mean percentage of change. This percentage was negative if the value increased and positive if it decreased. The gray columns represent the apneas not followed by a motor event; the black columns, the apneas followed by a body movement, and the open columns the apneas followed by an augmented breath. The mean percentage change in heart rate was significantly different after the apneas followed by no motor event vs after the apneas followed by a body movement (p Ͻ 0.02).
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with nearly the same frequency as after the control periods. Because the majority of the apneas followed by a body movement occurred during AS, it is not surprising that the percentage of control periods and apneas followed by a body movement were similar (1, 3) . Most of the apneas followed by a body movement were obstructive. This finding is in agreement with a previous study by Hoppenbrouwers et al. (15) . The low frequency of motor activity after short isolated apneas as well as after control periods in our study may be ascribable to experimental factors. Two of our study infants were tested in the prone position, and it has been shown that arousals are less common in the prone position than in the supine position (17, 18) . Another possibly relevant fact is that four infants had a history of ALTE: it has been reported that infants who subsequently died of sudden infant death syndrome had low motor activity during sleep (19) . Finally, some of our study infants had craniofacial abnormalities, which may have been associated with decreased arousability as reported in infants with obstructive sleep apnea syndrome (20) .
Changes in EEG Frequency, SaO 2 , and Heart Rate at the End of Apneas
Because both body movements (21) and augmented breath (22) interact with changes in heart rate, we separately analyzed EEG frequency, heart rate, and SaO 2 changes after apneas of each group. In all three apnea groups, mean EEG frequency was higher after than before the apneas. Approximately 60% of apneas in all three groups ended by an EEG frequency increase. EEG frequency increase is the most frequent EEG pattern of cortical arousal in adults (23, 24) . However, there is no clear definition of EEG arousal in infants. An EEG frequency shift Ն 1 s has been chosen as one of the criteria used to define movement arousal at the end of apneas in children (25) . McNamara et al. (9) used the criteria for EEG arousal recommended in adults (23) but reduced the shift duration from Ͼ3 to Ͼ1 s. Thus, the minimal EEG change used to indicate cortical arousal remains arbitrary in infants. Nevertheless, frequent episodes of cortical arousal may disturb sleep, especially during AS in infants (26) .
A slight but significant SaO 2 decrease was found after apneas but not after control periods. The SaO 2 decrease was significantly related to the duration of apneas followed by no motor event.
Heart rate did not change significantly before versus after the control periods. Mean heart rate decreased slightly but significantly after the apneas not followed by a motor event or followed by an augmented breath. Interestingly, apneas ended by a body movement were not followed by a significant change in heart rate, although heart rate tended to increase. Sympathetic drive contingent on somatic activity may have overridden the deceleration observed in the other two groups of apneas. An increase in heart rate associated with a body movement with or without an EEG frequency shift has been described as part of movement arousal at the end of obstructive apneas in infants (15) and in children (25, 27) .
In summary, short isolated apneas were rarely ended by a motor event. However, the percentage of occurrence of a motor event or no event differed significantly after the apneas and after their matched control periods. The occurrence of a body movement at the end of an apnea appeared to prevent the heart rate deceleration observed when somatic motor activity was lacking. Overall, 61% of the apneas ended with an increase in EEG frequency consistent with cortical arousal. Finally, 39% of short isolated apneas terminated without any identified event. This finding invites questions about the mechanisms that terminate those apneas in infants. The most likely explanation is that the hypoxic threshold for arousal was not reached during those apneas. Breathing may resume because of other excitatory influences, especially during AS because this state is characterized by instability of central neural respiratory control. The clinical message of our findings is that cortical arousal as assessed by an increase in EEG frequency can occur even after short isolated apneas in infants. Although the point at which EEG changes become physiologically significant remains to be determined in infants, consensus criteria are needed to determine the natural arousal pattern and its change with development and sleep-disordered breathing in infants.
